Advances made in the fabrication of micro/nano-electromechanical (M/NEM) devices over the last ten years necessitate the understanding of the attractive force that arises from quantum fluctuations (generally referred to as Casimir effects) [Casimir H B G 1948 Proc. K. Ned. Akad. Wet. 51 793]. The fundamental mechanisms underlying quantum fluctuations have been actively investigated through various theoretical and experimental approaches. However, the effect of the force on M/NEM devices has not been fully understood yet, especially in the transition region involving gaps ranging from 10 nm to 1 μm, due to the complexity of the force. Here, we numerically calculate the Casimir effects in M/NEM devices by using the Lifshitz formula, the general expression for the Casimir effects [Lifshitz E 1956 Sov. Phys. JETP 2 73]. Since the Casimir effects are highly dependent on the permittivity of the materials, the Kramer-Kronig relation [Landau L D, Lifshitz E M and Pitaevskii L P 1984 Electrodynamics of Continuous Media (New York: Pergamon Press)] and the optical data for metals and dielectrics are used in order to obtain the permittivity. Several simplified models for the permittivity of the materials, such as the Drude and Lorentz models [Jackson J D 1975 Classical Electrodynamics (New York: Wiley)], are also used to extrapolate the optical data. Important characteristic values of M/ NEM devices, such as the pull-in voltage, pull-in gap, detachment length, etc, are calculated for devices operating in the transition region. Our results show that accurate predictions for the pullin behaviour are possible when the Lifshitz formula is used instead of the idealized expressions for Casimir effects. We expand this study into the dynamics of M/NEM devices, so that the time and frequency response of M/NEM devices with Casimir effects can be explored.
Introduction
Over the past thirty years, micro-electromechanical systems (MEMS) have gained significant attention due to their potential for high sensitivity in physical, chemical and biological sensing. Recently, even smaller devices have been fabricated leading to the design and development of nanoelectromechanical systems (NEMS). These sensors have several advantages over conventional devices in terms of small size, high sensitivity, low cost, low power consumption, and quick response. Therefore, micro/nanoelectromechanical (M/NEM) devices are currently being studied extensively for various applications.
A popular technique to actuate M/NEM devices is to use electrostatic force. Consider an M/NEM device consisting of an elastic movable part, made of a conductive (or semiconductor) material, over a rigid ground electrode, called the substrate. The applied voltage induces an electric field between the electrodes, which results in the build-up of an electrostatic charge on the surface of the electrodes. The electrostatic force, resulting from the induced charge, deflects the movable part of the M/NEM device towards the substrate. If the applied voltage is higher than a critical value, instability occurs and the movable part collapses onto the substrate. The critical values of the voltage and the distance between the movable part and the substrate are called the pull-in voltage and pull-in gap, respectively [5] . This pull-in behaviour is one of the most important phenomena in M/NEM devices.
As the gap distance between the devices gets smaller, the interaction force between the molecules in the movable part and the substrate becomes important. This intermolecular force can change the deflection, altering the pull-in behaviour. Thus, the pull-in behaviour of devices at small scales should take into account the intermolecular force as well as the elastic and electrostatic forces.
Previous investigations reported the effect of the intermolecular force on the pull-in behaviour in M/NEM devices by employing idealized expressions for the van der Waals and Casimir forces . Using a local value approach, Serry et al numerically explained the static deflection and collapse of MEM systems by the effect of the Casimir force between the parallel plate and fixed surface [6] . The influence of the Casimir effect with surface roughness, conductivity and temperature changes on the stable/unstable static equilibrium states of MEM systems was analyzed by Ding et al [7] . Wang et al studied the behaviour of a microfabricated rectangular membrane driven by an electrostatic force with the Casimir force between the conducting surfaces [8] . Buks et al experimentally and numerically investigated the Casimir interaction between micromachined Au cantilevers [9] . Spengen et al presented a model for stiction in MEM systems due to surface interaction, including the van der Waals force, and other environmental conditions [10] .
Dequesnes et al studied the static and dynamic behaviour of carbon nanotube-based switches using the Lennard-Jones potential, describing the van der Waals interaction [11, 12] . Guo et al investigated the influence of the van der Waals and Casimir forces on the stability of electrostatic torsional NEMS actuators using a simplified one-degree of freedom model [13] . Palasantzas et al investigated the influence of self-affine roughness on the pull-in parameters for switches used in M/ NEMS in the presence of the Casimir force [14] . Lin and Zhao presented a theoretical analysis of the influence of the Casimir effect on the nonlinear behaviour of nanoscale electrostatic actuators [15] . Ramezani et al studied closed form solutions and validation of the pull-in instability of nanomechanical switches [16] [17] [18] as well as nanocantilever arrays [19] under intermolecular and electrostatic forces. Batra et al analyzed the effects of the Casimir force on the pull-in instability in micromembranes [20] , and various shapes of plates [21, 22] . Zand and Ahmadian studied the dynamic pullin instability of electrostatically actuated beams under intermolecular forces using the idealized expressions of van der Waals and Casimir forces [23] . Wang et al proposed a numerical algorithm that can predict the static and dynamic behaviour of circular M/NEM devices under the influence of electrostatic and Casimir forces [24] . Recently, Koochi et al studied the analytical modeling of the pull-in instability of the CNT probe/actuator with the van der Waals force [25] . More details on the pull-in instability of M/NEM devices including Casimir effects are discussed in [26] [27] [28] . Reference [26] reviews the theoretical details of Casimir effects as well as experimental observations and applications. Reference [28] describes the pull-in instability under electrostatic force, and [27] discusses stiction and other factors that should be considered in M/NEM devices.
In 1940, H G Casimir derived a general expression for intermolecular force, which unifies the idealized expressions for intermolecular forces, i.e. the van der Waals and Casimir forces, by using quantum fluctuation [1] . In the original Casimir derivation, the presence of two perfectly conducting plates quantizes the field mode inside the plates, so the attractive force is derived from the total energy difference between the field inside and outside of the plates. In this approach, the force F c between two perfectly conducting plates is proportional to the surface area A of the plates, the reduced Planck constant ℏ and the speed of light c:
The interesting aspect of this expression is that the force varies inversely proportional to the fourth power of gap l, and independent of the material properties. Casimir's original result assumed that the plates are perfect conductors, which do not allow electric fields to penetrate them. However, any material becomes transparent at sufficiently high frequencies due to the finite value of its conductivity [3] . The finite value of conductivity introduces the necessity of a correction factor for the Casimir force, which is not needed when assuming perfectly conducting metals. Lifshitz provided a general description of the van der Waals and Casimir interaction between two bodies in terms of the permittivity of materials [2] . The allowed field mode frequencies can be obtained by considering the material properties and boundary conditions for the electromagnetic field. After deriving the interaction energy for each mode, the summation over all the allowed modes is done to get the energy difference between the inside and outside of the two plates. The interaction force from the Lifshitz formula is the derivative of the energy difference with respect to the gap distance. Zhou and Spruch derived a generalized form of the quantized field modes between multilayered walls in terms of permittivities of media [29] . The more general derivation of the Casimir effects in the presence of a background field was proposed to remove the controversy regarding divergence at the boundary [30] .
The Lifshitz formula is used to calculate the Casimir effects because it depends not only on the gap distance, but also on the material properties. At gaps smaller than the plasma wavelength (for a metal) or the absorption wavelength (for a dielectric), the force due to quantum fluctuations is properly described using the idealized van der Waals model, which is inversely proportional to the third power of the gap. As the gap increases and the retardation effect becomes significant (l > 1 μm), the force is described by the idealized Casimir model, which is inversely proportional to the fourth power of the gap. However, none of these idealized force expressions, such as the van der Waals ( l1/ 3 ) and Casimir forces ( l1/ 4 ), can describe the force properly in the transition region.
In this paper, we study the static/dynamic behaviour of M/NEM devices accounting for the intermolecular force. Since the presence of the intermolecular force changes the static/dynamic response of the device significantly, we use the Lifshitz formula to account for the complex dependence on the gap distance and the material properties. The rest of the paper is outlined as follows: section 2 presents the Lifshitz formula for the Casimir effects in a five-layer structure. Section 3 describes the permittivities of the metals and dielectrics that are required in order to calculate the Casimir effects in M/NEM devices. Section 4 presents results of the static response of M/NEM devices using a mass-springdamper (MSD) model, including the pull-in voltage, the pullin gap, and the detachment length. The dynamic response of M/NEM devices is also presented, including a discussion on the consequences of the Casimir effect on the nonlinear dynamic properties. Conclusions are presented in section 5. Figure 1 shows the configuration of a five-layer structure, so that we can consider the interaction force between two semiinfinite spaces (layers 1 and 5) covered with different media (layers 2 and 4). The gap between layers 2 and 4 is l. We set the z-direction as the wave propagation direction, and the xyplane is perpendicular to the z-axis. In this study, we ignore the temperature effect on the Casimir force to simplify our calculation. It has been reported that the temperature effect is smaller than 5% when the gap distance is less than 1 μm [31] .
Casimir effect in multi-layered planar systems
Following the original Lifshitz derivation, the infinite vacuum energy of the electromagnetic field depends on the gap distance and the thickness of the dielectric layers [32] , i.e.
, (2) where n is the index of the field mode, and ̲ = k k k ( , ) 1 2 is the two-dimensional propagation vector in the xy-plane. Indices (1) and (2) stand for two different polarizations of the electric field, which are parallel and perpendicular to the plane formed by ̲ k and the z-axis, respectively. The vacuum energy density of the electromagnetic field per unit area of the bounding plates is the summation of E l d d ( ,
over all the propagation vector directions:
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The last integration stands for the dimensionless radial coordinate in the ̲ k-plane, and k is the magnitude of ̲ k. In order to obtain the vacuum energy density we need to calculate the quantized field mode frequencies ω ̲ k n , (1, 2) . The Maxwell equations [4] in free space, written for the electric ( ̲ E) and magnetic ( ̲ B) fields are
The orthonormalized set of the solutions of the Maxwell equations is considered to obtain the surface modes propagating parallel to the surface of the walls. The z-directional vector functions f i (1,2) and g i (1,2) , which are solutions of the Maxwell equation should satisfy the wave equation [3] ,
where
i is the index denoting different medium and ε ω ( ) i is the permittivity of the medium. In our case, i changes from 1 to 5. The boundary conditions at the interface between two dielectrics, i.e. the continuity conditions of the normal and tangential components of the electric and magnetic fields, give the quantized frequencies of the parallel and perpendicular polarizations of the surface modes [31] . Then the quantized frequencies of the surface modes for the five-layer structure can be obtained using the expressions:
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The first and second terms on the right-hand side denote the integrations over the imaginary and real frequency domains, respectively. However, the divergence of the summation in equation (12) should be removed. The divergence comes from the first and second terms because of the integration domain. This procedure is called the renormalization. The renormalization procedure removes the divergence in the Casimir energy density by substituting the Casimir energy density when →∞ l [31] .
Therefore, the attractive force from the Casimir energy density across the gap in the five-layer structure can be calculated from equation (3) as follows: We can further simplify equation (14) by introducing new variables that are related to the permittivities of the medium [29] . It is well known that this result is the generalized expression for the van der Waals and Casimir forces, depending on the gap distance. First, we can convert equation (14) , which is the attractive force for the five-layer structure, into the result for the three-layer structure in the limit (15) can be simplified to
where the Hamaker constant H is [32] ∫ ∫ π ξ ε ε
If the absorption wavelength is larger than the gap distance and both plates are perfectly conducting and separated by a vacuum (ε ε ε = = ∞ = , 1 2 4 3 ), the force is reduced to equation (1), which is the idealized expression of the Casimir force. Figure 2 shows the absolute value of the Casimir force per unit area as a function of the distance between plates. In addition to the results from the Lifshitz formula, the results from the idealized force expression, such as for the van der Waals (∼ l 1/ 3 ) and Casimir forces (∼ l 1/ 4 ), are also plotted in figure 2(a). The Casimir force between two semi-infinite gold plates changes slope smoothly from l 1/ 3 to l 1/ 4 . At small separations (2-5 nm), the calculations from the van der Waals force approximately match the result from the Lifshitz formula. On the other hand, at large gaps, the results from the idealized Casimir expression deviate by a constant from those of the Lifshitz formula, due to the absence of the finite conductivity effect. Even though the absolute value of the attractive force is different depending on the permittivity, the qualitative behaviour of the curve is the same for metals and dielectrics.
Electric permittivities of metals and dielectrics
To evaluate the force with the Lifshitz formula, one needs to know the permittivity of the material. There are three choices in order to calculate the dielectric properties: (1) plasma model, (2) Drude model, and (3) tabulated optical data. The plasma model, which is the one Lifshitz used to calculate the Casimir effects of the real material, is often used [2] . However, the dissipative mechanism of the material is not taken into account in this model and it is proper only at separation distances larger than the plasma wavelength [35] . On the other hand, the Drude model describes the dielectric properties by a set of oscillators, but it has an issue regarding the contradiction with the third law of thermodynamics [36, 37] . Some researchers suggest a mixed model, called the generalized plasma-like dielectric permittivity, to describe the dissipation mechanism at shorter separations [38, 39] .
Recent study shows that the dielectric properties of Au films are highly sensitive to the manufacturing process, including annealing and deposition method, so it is very important to use the dielectric permittivity from the samples, which are used for the Casimir force measurement [40, 41] .
Since the debate is still going on and there is no final conclusion about the way to decide the dielectric permittivity, in this paper, we use the tabulated optical data with the Drude model for extrapolation, which is a generally well-accepted way to calculate the dielectric permittivity of metals. More details regarding the advantages and disadvantages of the Drude and plasma model can be found in reference [42] .
For a homogeneous material, the permittivity is a function of the field mode frequency. If we denote the permittivity as a complex function (ε ω ε ω ε ω = ′ + ″ i ( ) ( ) ( )), the dependence of the permittivity on the imaginary part can be written by using the dispersion relation (the so-called Kramer-Kronig relation) [3] :
The tabulated data for the complex refractive indices of metals and dielectrics in Palik's work [43] are used with the dispersion relation to calculate permittivity on the imaginary frequency axis. The dispersion relation can be used when the experimental data are available for the imaginary part of the permittivity ε ω ″( ) over the full range of integration. In order to calculate the integral in equation (18), the continuous function of permittivity over the frequency is needed. However, the experimental data is discrete and limited in a small frequency range; thus, we perform extrapolation and interpolation of the data for integration purpose. As mentioned above, the Drude model (19) is used for metals, and the Drude-Lorentz model (20) [44] is used to extrapolate the permittivities for silicon. where ω p is the plasma frequency of the medium, γ is the relaxation parameter, ε 0 is the static permittivity of the substrate, and ε ∞ is the permittivity when the field mode frequency is infinity, and ω c is the cutoff frequency. For SiO 2 , the Ninham-Parsegian model (equation (21)) is used [45] : , with ε 0 being the static permittivity of the substrate. The plasma frequency and relaxation parameters as well as other parameters for the metals and dielectrics are described in table 1. Data is linearly interpolated in a logarithmic scale to eliminate fluctuations [35] .
The computed permittivities of various metals and dielectrics are plotted in figure 3 . The frequency of the electromagnetic field is in electron volts (eV) and is related to its photon energy (1 eV≅ × 2. 4 10 14 Hz). The frequency of the electromagnetic field is related to electron volts through the photoelectric effect ( ν = ℏ E ). It is well-known that the major contribution to the Casimir force comes from the frequencies around the characteristic frequency ξ, which is determined by the gap distance l and the speed of light c(ξ = c l /2 ) [32] . The plots of the dielectric permittivity shown in figure 3 correspond to the gap distance 10 nm < l < 1 μm for M/NEM devices in vacuum.
For the permittivity, the major difference between metals and dielectrics is the low-frequency behaviour. While metals, such as gold and aluminum, become perfect mirrors with permittivities approaching infinity, the permittivities of Si and SiO 2 converge to values of 11.65 and 4.09, respectively. The static permittivities of dielectrics can be calculated from the dispersion relation if the experimental data is known, or calculated by using the oscillator models. Before the frequency reaches the cutoff frequency, the permittivities of Si and SiO 2 are nearly constant. Above the cutoff frequency, dielectric permittivities of all materials decrease continuously with increasing frequency until they reach the asymptotic value of about 1, which means that materials become transparent to electromagnetic waves at large frequencies.
Static and dynamic analysis of M/NEM devices
To understand the static and dynamic response of M/NEM devices, the geometry of a cantilever-type switch is modeled as an MSD system (see figure 4) . A simpler MSD system is used since the purpose of this work is to understand the effects of the intermolecular force on the M/NEM devices. References [46, 47] contain details on determining the parameters for the distributed system. A more accurate description of M/NEM devices can be obtained by using higher order models such as the finite element model. In the MSD model, the M/NEM devices are approximated as a rigid plate suspended over the substrate, and the elastostatic force is balanced with the electrostatic and intermolecular force at the equilibrium position. The governing equation of the MSD model is given as:
where x is the displacement (see figure 4) , ω 0 is the resonant frequency of the switch, ς is the damping coefficient, and m is the mass. If the electrostatic force F e consists of the dc and ac voltage (V dc and V ac , respectively), the force can be expressed as: where ε is the permittivity of the medium, and ω is the applied frequency. The initial gap distance l is defined as the gap distance without the effect of the intermolecular force and the electrostatic force.
The general way to express the intermolecular force F int is by using the Lifshitz formula as discussed in the previous section. In addition to the Lifshitz formula, the intermolecular force F int can be reduced to the idealized Casimir force F casimir or the van der Waals force F vdW depending on the initial gap distance, i.e. The possible interaction between the intermolecular force and the applied electric field is ignored since the operating frequencies of the applied electric field (∼10 6 Hz) are much smaller than the frequencies at which the intermolecular force is considered (∼10 14 Hz). In addition, the applied voltage is not high enough to cause dielectric break-down or nonlinear effects.
The experimental [48] and analytical [49] studies showed that the tunneling current flow can be established when the tip of the movable part is close to the substrate (∼0.7 nm). This tunneling current flow reduces the applied voltage, resulting in the pull-out phenomenon. In our study, we do not consider the unstable state near the substrate, including the pull-out, or contact phenomenon of the device. In addition, the gap distances considered in this study range from 10 nm to 1 μm, therefore the pull-in gap will not reach the limit where the tunneling currents become important.
Static pull-in behaviour of M/NEM devices
Since the pull-in instability is one of the most important phenomenon in M/NEM devices, the pull-in behaviour needs to be carefully studied. For the static response of M/NEM devices, the ac voltage, mass, and damping terms in equation (22) and equation (23) . First, we consider the normalized tip gap distance with different force expressions. The normalized tip gap is defined as the ratio of the deformed gap distance over the initial gap distance. Figure 5 shows the normalized tip gap distance when the intermolecular force is modeled by using the Lifshitz formula, the idealized Casimir force expression, and the idealized van der Waals force expression. Due to the intermolecular force, there are small deviations in the initial gap distance when the applied voltage is 0. Since the initial gap distance (30 nm) is in the transition region, none of idealized expressions for the intermolecular force can predict the pull-in voltage precisely. Pull-in voltages are underestimated by about 10% and 50% when the idealized expressions for the van der Waals and Casimir forces are used, respectively.
Second, the pull-in gap and pull-in voltage as a function of the beam length are studied with different force expressions. Figure 6 shows the variation of the normalized pull-in gap for the cantilever type Au nanoswitch with respect to the beam length. The normalized pull-in gap is defined as the ratio of the pull-in gap distance, which is the gap distance when the pull-in happens, over the initial gap distance. If the normalized pull-in gap is 1, the switch collapses to the substrate. The initial gap distance is 50 nm and the thickness of the switch is 100 nm. The other parameters are the same as those in table 2. If the length of the switch is small, the normalized pull-in gap is the same in all cases and matches with the result obtained when only an electrostatic force is present. However, as the length increases, the normalized pull-in gap increases and the deviation between the result Table 2 . Geometrical properties of the cantilever Au nanoswitch. from the Lifshitz formula and the idealized expressions becomes significant. The idealized Casimir force expression fails to predict the pull-in gap when the length is 10 μm. Figure 7 shows the pull-in voltage as a function of the beam length with different force expressions. The pull-in voltage is calculated by solving equation (22) and the pull-in gap is shown in figure 6 . As shown in figure 7 , when the length is small, the effect from the intermolecular force is negligible, and the pull-in voltages with the intermolecular force are identical with the electrostatic force only case. On the other hand, the pull-in voltage is significantly different when the length is greater than 5 μm. Since the idealized Casimir and van der Waals force expressions over-predict the intermolecular force, pull-in occurs at much lower voltages, compared with the results from the Lifshitz formula.
Third, we consider the pull-in gap ( figure 8 ) and pull-in voltage ( figure 9 ) as a function of the initial gap distance with different force expressions. When the initial gap is large enough to make the intermolecular force insignificant, all the normalized pull-in gaps and pull-in voltages are identical with that of the electrostatic force only case on the switch. When the initial gap decreases, the effect of the intermolecular force on both the pull-in gap and the pull-in voltage becomes much clearer. Figure 8 shows that the normalized pull-in gap increases as the intial gap decreases. The idealized Casimir and van der Waals force expressions fail to describe the pull-in behaviour of the switch for lengths between 10 and 100 nm.
Detachment length of M/NEM devices
Detachment length of a given tip gap is defined as the maximum length of an M/NEM device that does not stick to the substrate without an applied voltage [50] . Therefore, detachment length is one of the important design parameters of M/ NEM devices. Previous work computed the detachment length of M/NEM devices using the idealized Casimir [50] or van der Waals force expressions [17] . However, if the initial gap distance is within the transition region, the intermolecular force is also affected by the material properties of devices.
The detachment length is calculated from equation (22) with the Lifshitz formula. The thickness of the switch is 100 nm and all other parameters are the same as those in table 2. Figure 10 shows the detachment lengths calculated from the Lifshitz formula (Au-Au and SiO 2 -SiO 2 ) and the one calculated with the idealized Casimir force and van der Waals expressions. The results from the Lifshitz formula (Au-Au) indicate that the slope changes smoothly from 3 to 4, which are the slopes from the idealized expressions of the van der Waals and Casimir forces, respectively. When the gap is close to 1 μm, the detachment length matches with that of the idealized Casimir force expression. However, as the initial gap gets smaller, the results from the Lifshitz formula deviate from those of the idealized Casimir force expression, and it converges to the detachment length that is calculated from the idealized van der Waals expression. If the initial gap distance is 100 nm, which is in the transition range between the Casimir and van der Waals forces, the detachment length calculated from the Lifshitz formula deviates more than 30% from the values obtained from the idealized expressions.
Effects of thin SiO 2 layer on M/NEM devices
In experiments, a dielectric layer such as SiO 2 is typically used in M/NEM devices made of gold plates in order to avoid stiction of the movable part to the ground plate. The dielectric layer decreases the effect of the intermolecular forces by attenuating some of the field mode frequencies as they pass through it. Consequently, the device has a larger movable range and higher pull-in voltage.
The lines with open circles from figure 6 to figure 10 show the pull-in behaviour of two semi-infinite SiO 2 plates. The pull-in gap and pull-in voltage patterns between the line of the semi-infinite gold plates and the semi-infinite SiO 2 plates depend on the thickness of the SiO 2 layers. If the thickness of the SiO 2 layers is larger than its plasma wavelength, they act like semi-infinite SiO 2 plates. As the thickness of the SiO 2 layers decreases, the effect decreases, resulting in convergence with the line of the semi-infinite gold plates. By comparing the pull-in behaviour of the semi-infinite gold plates to those of the SiO 2 plates, shown in figures 6-10, the effect of the SiO 2 layer on the gold plates can be predicted. Even though the calculations in this paper are limited to two extreme cases (semi-infinite gold and SiO 2 plates), useful insights can be gained into the effect of a thin SiO 2 layer on gold plates.
Dynamic response of M/NEM devices
M/NEM devices exhibit nonlinear oscillations due to intrinsic nonlinearity in the intermolecular and electrostatic forces. One of the unique characteristics of nonlinear oscillations is the dc/ac symmetry-breaking phenomenon. The system is considered to have dc/ac symmetry if an orbit (the path of the device in the phase plot) is symmetric with respect to both axes in the phase plot. Thus, symmetry-breaking in dc/ac voltages is defined as the geometrical changes of an orbit with applied dc and the ac voltages. Previously, De et al reported that dc and ac voltages beyond the symmetry breaking points lead the system into a cascade of period doubling bifurcations [51] . A period doubling bifurcation in a dynamic system is one in which the system switches to a new behaviour with twice the period of the original system. They also showed that multiple oscillations are caused by the quadratic and cubic terms that arise from the electrostatic force. Therefore, the nonlinearity of the electrostatic force is a major source of the complex oscillations in microscale devices [47] .
However, as the size of M/NEM devices decreases, the effect from the intermolecular force will be comparable to or dominant over the electrostatic force. For example, the nonlinear terms in the governing equation are expanded by using the Taylor series expansion as force, depending on the coefficient n(−3 or −4). where This can be arranged as: When the order of magnitude of the intermolecular and electrostatic forces is similar, the ratio between the quadratic and cubic terms of equation (28) will change, altering significantly the nature of the dynamic behaviour of the system. In addition, the intermolecular force from the Lifshitz formula, which changes its slope smoothly from −3 to −4, makes it harder to analytically predict the dynamic response compared to the results from the idealized van der Waals and Casimir force expressions. The time responses of the MSD model under the harmonic electrostatic force and the Lifshitz formula are numerically analyzed using Fast Fourier Transform (FFT) in order to explain the generation of the complex oscillations and the effect from the intermolecular force. Figure 11 shows the variation in normalized amplitude of the 1st, 2nd and 3rd modes for the fixed-fixed beam with respect to the normalized excitation frequency for two different gap distances: (a) 200 nm and (b) 50 nm. The normalized amplitude is the amplitude over the gap distance, and the normalized excitation frequency is defined as the ratio of the applied frequency ω over the resonant frequency of the switch ω 0 . The applied dc and ac voltages are V dc = 0.26 V and V ac = 0.26 V respectively, and the other parameters used in the MSD model are taken from [47] .
When the gap distance is 200 nm, the amplitude of the 2nd mode is comparable to that of the 1st, when the normalized excitation frequency is 0.5. In this case, we can see subharmonic multiple oscillations in the time response, as described in [51] . The Casimir force is not a dominant force in this case because the gap distance is large. Therefore, the normalized amplitudes of the 1st, 2nd and 3rd modes with and without the intermolecular force are equal, as shown in figure 11(a) . When the gap is 50 nm, the 2nd mode amplitude is higher than the 1st mode, and the amplitude of the 3rd mode is also comparable to those of the 1st and 2nd when the frequency is small. Thus, we can see multiple oscillations in one period due to the similarity of the magnitude of the modes. Also, the intermolecular force becomes comparable to and even dominant over the electrostatic force at small gap distances. As we can clearly see in figure 11(b) , the intermolecular force not only changes the oscillation patterns, but also lowers the resonant frequency of the device. Therefore, in dynamic response it is important to calculate the intermolecular force with the Lifshitz formula when the initial gap distance is in the transition region.
Conclusions
In this work, the effect of the intermolecular force on the static/dynamic pull-in behaviour is studied in the transition region (between 10 nm to 1 μm). The intermolecular force is numerically obtained by using the Lifshitz formula and compared with the results from the idealized expressions of the van der Waals and Casimir forces. The dielectric permittivities of metals and dielectrics are numerically calculated using the dispersion relation in order to get the force from the Lifshitz formula. A significant (more than 20%) deviation in the pull-in parameters (pull-in voltage, pull-in gap, and detachment length) is observed between the results from the Lifshitz formula and idealized expressions, indicating that a more careful calculation of the intermolecular force needs to be carried out in the transition region. The effect of the deposited dielectric layers (SiO 2 ) on M/NEM devices (Au) is explained by showing the reduction of the intermolecular force between the two metal plates coated with a thin dielectric layer. In addition to the static cases, the dynamic response of M/NEM devices is studied. Addition of the intermolecular force changes the nature of nonlinear oscillations. We believe that the analysis performed in this work is a valuable tool for predicting the pull-in behaviour and dynamic response of M/NEM devices operating in the transition region.
